gag precursor. In HIV-1-infected U1 cells, DIBAs inhibited the release of infectious virions, and even under conditions in which virion particles were produced, the particles were noninfectious. DIBAs caused abnormal processing of Gag precursors, and the inhibitory effect on processing was not due to inhibition of the HIV-1 protease enzyme or Pr55 gag myristoylation. Rather, the defect in processing was due to the formation of intermolecular cross-linkages among the zinc fingers of adjacent Gag molecules, rendering the precursors no longer recognizable by HIV-1 protease. Likewise, DIBAs caused intermolecular cross-linkage among recombinant Pr55 gag packaged into pseudovirions, thereby generating modified precursors that were resistant to the action of protease. Thus, DIBAs chemically modified the mutationally intolerant retroviral zinc fingers in infected cells, interrupting protease-mediated maturation of virions and leading ultimately to the production of compromised virions.
The human immunodeficiency virus type 1 (HIV-1) p7 nucleocapsid protein (p7NC), which contains two highly conserved zinc fingers with a nonclassical Cys-Xaa 2 -Cys-Xaa 4 -HisXaa 4 -Cys (CCHC) sequence, is a maturational proteolytic product of the Pr55 gag precursor polyprotein (3, 4, 27, 34, 51) . The CCHC motif, also known as the retroviral zinc finger, is conserved in all onco-and lentiretroviruses but is not found in the nucleocapsid proteins of spumaretroviruses (9, 25, 36) . These zinc fingers play pivotal roles in both the early and late stages of the retrovirus replication cycle (1, 15, 23) . The fingers, while still a component of the HIV-1 Pr55 gag (Gag) precursor, function in selection and incorporation of viral RNA into budding virions (5, 13, 21, 22, 39) . The fingers of the fully processed p7NC are also required for the initial infection of target cells, promoting initiation and elongation of the nascent transcript and increasing the efficiency of template switching during reverse transcription (10, 49, 52, 56) . In addition, p7NC participates in HIV-1 genomic RNA dimerization, protection of the viral RNA from nucleases, and integrase cleavage activity (33, 38, 52) . Thus, the essential roles of the retroviral zinc fingers in the HIV-1 replication cycle make the fingers choice antiviral targets.
Recently, Rice et al. (46, 48) discovered that certain electrophilic reagents, such as 3-nitrosobenzamide (NOBA), can stoichiometrically and covalently modify the cysteine residues of retroviral zinc fingers, resulting in the ejection of zinc from the fingers and rendering the virus noninfectious. Through chemical modification of the cysteine thiolates of the p7NC zinc fingers, low (micromolar) concentrations of NOBA blocked the ability of the virus to synthesize proviral DNA, even though NOBA did not inhibit reverse transcriptase enzymatic activity or virion binding to target cells (45) . More recently, we described a novel class of disulfide-substituted benzamides (DIBAs) that exhibited toxicity profiles that were substantially improved over that of NOBA (44, 47) . In those reports we demonstrated a direct correlation between the cellular anti-HIV-1 activity of DIBA compounds and the ability of the compounds to chemically modify and eject zinc from the zinc fingers of HIV-1 p7NC in vitro, utilizing both tryptophan fluorescence and high-pressure liquid chromatography separation techniques. Additionally, DIBA compounds inhibited a wide range of retroviruses and were synergistic with other antiviral agents, and drug-resistant mutant viruses did not arise.
We have postulated that DIBA-induced modifications of retroviral zinc fingers during the HIV-1 replication cycle would disrupt critical processes during virus maturation, resulting in the formation of aberrant virus particles and interruption of the infection cycle. However, the actual intracellular biochemical processes disrupted by the DIBAs, leading to these antiviral consequences, were unknown. To address these issues, we studied the effects of DIBA treatment on cells actively producing virus, on the virus particles released from those infected cells, and on Gag-laden pseudovirions. Here we report that the action of two selected DIBA compounds (DIBA-1 and DIBA-3) (Fig. 1 ) on the CCHC zinc fingers of Gag precursors resulted in the formation of noninfectious virus or in the complete inhibition of virus production. Modification of the zinc fingers of Gag precursors altered the precursors in such a manner that they no longer served as a substrate for HIV-1 protease, yet the DIBAs did not inhibit HIV-1 protease activity or prevent precursor myristoylation. These findings demonstrate that zinc finger inhibitors affect virion production and maturation in a fashion that is reminiscent of HIV-1 protease inhibitors.
MATERIALS AND METHODS
Materials. DIBA-1 (NSC 654077) and DIBA-3 (NSC 659881), as well as all other antiviral compounds, were obtained from the Developmental Therapeutics Program, Division of Cancer Treatment, Diagnosis and Centers, National Cancer Institute. DIBAs were synthesized by Parke-Davis Pharmaceuticals (Ann Arbor, Mich.). U1, CEM-SS, COS, 174xCEM, pSVrev, and HeLa-CD4-LTR␤gal cells were obtained from the AIDS Research and Reference Reagent Program, National Institutes of Health (Bethesda, Md.). All cell lines were maintained in RPMI 1640-10% fetal calf serum-20 g of gentamicin per ml-200 mM L-glutamate, except for the HeLa-CD4-LTR-␤gal cells, which were maintained in Dulbecco's modified Eagle's medium/F12-10% fetal calf serum-20 g of gentamicin per ml-200 mM L-glutamate, and COS cells in transfection experiments, which were maintained without antibiotics or added L-glutamate.
TNF-␣ induction of U1 cells for HIV-1 expression. Fifty thousand U1 cells per milliliter were induced with 5 ng of recombinant tumor necrosis factor alpha (TNF-␣) (Sigma Chemical Co., St. Louis, Mo.) per ml for 24 h. At 24 h, 1 ml of medium supplemented with 5 ng of TNF-␣ per ml and with the appropriate (2ϫ final) concentration of either DIBA-1 or DIBA-3 was added to the cells. Cellfree supernatants for p24 measurements were collected 48 h later, and the virus particles contained within it were lysed in 1% Triton X-100-0.5% bovine serum albumin (BSA). Samples for cell-associated p24 were obtained by lysis of the cells in 10 l of 10% Triton X-100-5.0% BSA. After lysis, 90 l of phosphatebuffered saline was added to make a final concentration of 1% Triton X-100-0.5% BSA. All samples underwent a single round of freezing and thawing prior to assay. Viability was determined by trypan blue dye exclusion and XTT dye reduction (7, 54) . The p24 assays were performed with p24 enzyme-linked immunosorbent assay (ELISA) kits obtained through the common services of the AIDS Vaccine Program (National Cancer Institute-Frederick Cancer Research and Development Center, Frederick, Md.).
Virus titration assay. Supernatants derived from TNF-␣-induced U1 cells were serially diluted onto 174xCEM cells (5 ϫ 10 3 ). Cultures were incubated for 6 days and scored for cytopathic effects, XTT reduction (cell viability), and p24 production upon termination. Viral titrations were initiated with a starting dilution that decreased the initial drug concentration to less than 1 M. The virus pellet (centrifugation for 1 h at 18,000 ϫ g and 4ЊC) obtained from 1.5 ml of culture supernatant was resuspended to 150 l in culture medium and then diluted 1:10 as the initial seeding sample. Infectious units were defined by using end-point dilutions and defining positively infected cultures as having absorbances of two times the background (cells, no virus) p24 value. Data were then calculated to determine the infectious units per milliliter of cell-free supernatant.
Western blotting (immunoblotting) of HIV-1 proteins. U1 cells (seeded at 5 ϫ 10 4 /ml with 4 ml [total volume] per well in six-well plates) were treated as described above for the induction of HIV-1. Twenty-four hours later, 4 ml of medium (total volume, 8 ml) was added with the appropriate concentration of either DIBA-1 or DIBA-3. At 48 h after DIBA addition, the cells were collected by centrifugation and counted, and viability was determined by trypan blue dye exclusion and XTT dye reduction. One million cells were lysed in 20 l of sample buffer containing 0.5 M Tris-HCl (pH 6.8), 50% glycerol, 8% sodium dodecyl sulfate (SDS), and 0.4% bromophenol blue. The whole-cell lysates were boiled for 5 min and electrophoresed as described below. Alternatively, cells were lysed with 0.5% Triton X-100-300 mM NaCl-50 mM Tris-HCl (pH 7.6)-10 g of leupeptin (Sigma Chemical Co.) per ml-10 g of aprotinin (Boehringer Mannheim, Indianapolis, Ind.) per ml-1.8 mg of iodoacetamide (Sigma Chemical Co.) per ml-4 mM Pefabloc (Boehringer Mannheim) per ml, and nuclei and cellular debris were cleared by centrifugation. Protein was determined by the Bradford method (5a). Virus pellets were isolated by centrifugation of supernatants for 1 h at 18,000 ϫ g and 4ЊC after clarification of supernatants for 10 min at 250 ϫ g and 4ЊC. The supernatants were removed, the virus pellet was lysed by using the protease inhibitor-containing lysis buffer described above, and protein was determined by the Bradford method (5a). Fifty micrograms of total protein was added per lane for virion protein analyses. For both total-cell and virion preparations, proteins were resolved on 4 to 20% polyacrylamide gels with SDS in Tris-glycine (Novex, San Diego, Calif.). Samples for reduced gels contained 5% ␤-mercaptoethanol (␤-ME) and were boiled for 5 min prior to being loaded. Resolved HIV-1 proteins were electroblotted onto polyvinylidene difluoride (PVDF) membranes, and HIV-specific proteins were detected by using a mixture of goat anti-HIV-1 p7NC and anti-p24 antisera (kind gifts of L. E. Henderson, AIDS Vaccine Program, National Cancer Institute-Frederick Cancer Research and Development Center, Frederick, Md.). It is important to note that the p7NC and p24 antisera used here are directed toward structural motifs within these proteins and as such detect their polyprotein precursors (Pr55 gag and Pr160
gag-pol
) and other aberrantly processed proteins derived from the Gag precursor. Western blots were developed with standard methodology by chemiluminescence (Dupont-NEN, Wilmington, Del.) with a rabbit anti-goat horseradish peroxidase-conjugated antibody (Bio-Rad, Hercules, Calif.). Reduced molecular weight markers, recombinant p7NC, and recombinant Pr55 gag were included on both reduced and nonreduced SDS-polyacrylamide gels.
Cross-linkage of purified Pr55 gag . Pr55 gag was obtained from the Laboratory of Cell and Molecular Structure, National Cancer Institute-Frederick Cancer Research and Development Center, Frederick, Md. Pr55 gag was prepared in Sf-9 insect cells by using a recombinant baculovirus containing the entire Gag-coding sequence from HIV-1 HXB2 under the transcriptional control of the polyhedron gene promoter. Pseudovirions were purified by precipitation with polyethylene glycol, banded at 1.16 g/ml on sucrose gradients, and concentrated by ultracentrifugation. When appropriate, Pr55 gag monomers were produced from pseudovirions by treatment with 50 mM MES (morpholineethanesulfonic acid) (pH 6.5)-1 mM EDTA-0.05 mM NaCl-1 mM dithiothreitol-0.1% Nonidet P-40 for 1 h at 4ЊC, vortexed, and stored as aliquots at Ϫ80ЊC. Cross-linkage experiments were performed with either intact Pr55 gag -laden pseudovirions or monomers by incubation of 10-g equivalents of Pr55
gag for 1 h at 37ЊC with various concentrations of DIBAs. Samples were then resolved by nonreducing or reduc- VOL. 70, 1996 ZINC FINGER INHIBITORS PREVENT HIV-1 Gag PROCESSING 6181
ing (5% ␤-ME) SDS-polyacrylamide gel electrophoresis (SDS-PAGE) (4 to 20% polyacrylamide). Reaction products were then visualized by Coomassie blue staining or Western blotting, as described above.
Processing of Pr55
gag by HIV-1 protease. Recombinant HIV-1 protease (0.25 ng) was treated with various concentrations of DIBAs for 1 h at 37ЊC in 200 mM MES buffer (pH 6.5)-4 mM EDTA-2 mM NaCl-4 mM dithiothreitol-0.01% Nonidet P-40. After 1 h, 1 g of Pr55 gag monomers was added, and the incubation was continued for 1 h longer at 37ЊC. Proteins were resolved by reducing SDS-PAGE (4 to 20% polyacrylamide), and protein expression was detected as described for Western blotting. Alternatively, intact pseudovirions were pretreated with DIBAs for 1 h at 37ЊC and then treated with HIV-1 protease for 1 h at 37ЊC, and then products were analyzed by SDS-PAGE and immunoblotting.
Construction and description of plasmids. cDNAs of the HIV-1 HXB2 Revresponsive element (RRE) (nucleotides 7620 to 8474) sequence and the complete Gag gene (nucleotides 788 to 2291) were prepared by PCR with Pfu DNA polymerase (Stratagene, La Jolla, Calif.) (26, 28, 35, 40) . A pSVrre plasmid containing the RRE was prepared by inserting the RRE cDNA described above into the pSVL vector (Pharmacia Biotech, Piscataway, N.J.) at the XhoI site in the proper orientation. The pSVrre-gag plasmid was then prepared by inserting the Gag cDNA into the BamHI site of pSVrre just downstream of the RRE.
Expression, radioimmunoprecipitation, and Western blotting of expressed Pr55 gag . COS cells were grown to 80% confluence and cotransfected with 10 g of pSVrre-gag and 10 g of pSVrev by Lipofectin (GIBCO-BRL, Gaithersburg, Md.). For radioimmunoprecipitations, the cells were grown for 24 h, split into six-well plates (2 ϫ 10 5 cells per well), and incubated overnight. The cells were then washed with Hanks balanced salt solution and incubated with fresh medium containing various concentrations of DIBA plus 100 Ci of Trans 35 S label (ICN, Costa Mesa, Calif.) per ml for 4 h or plus 100 Ci of [9,10- 3 H]tetradecanoic acid (10 to 60 Ci/mmol) (Dupont-NEN) per ml for 6 h. Drug-treated or untreated cells were homogenized in lysis buffer {10 mM Tris-HCl [pH 7.4] containing 0.15 M NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 1.5 mM MgCl 2 , 1 mM EDTA, 2 mM sodium vanadate, 10 mM NaF, and protease inhibitors [2 g of aprotinin per ml, 1 g of pepstatin A per ml, 28 g of phenylmethanesulfonyl fluoride per ml, and 70 g of L-1-chloro-3-(tosylamido)-4-phenyl-2-butanone per ml]} by five passes through a 21-gauge needle and centrifuged in a microcentrifuge for 15 min. Radioimmunoprecipitations were carried out with cell lysate supernatant fractions by using a monoclonal antibody against HIV-1 p24 (NEA-9283; Dupont-NEN) as previously described (8), and the products were subjected to 10 to 20% gradient SDS-PAGE (Integrated Separation Systems, Inc., Hyde Park, Mass.). Gels were either treated with En 3 Hance (Dupont-NEN) for detection of radiolabeled proteins by fluorography or subjected to Western blotting with a monoclonal antibody against HIV-1 p17 (NEA-9282; Dupont-NEN) and visualized by chemiluminescence. For analysis of pseudovirion particles released into the cell culture medium, the transfected cells were grown for 24 h, split into 12-well plates (10 5 cells per well), and incubated overnight. The cells were then washed, and new medium containing various concentrations of DIBAs and the cells was incubated for another 12 h. Finally, the cell culture medium was collected, cell debris was removed by centrifugation at 400 ϫ g for 10 min, and the supernatant fraction was adjusted to 1 M NaCl and 7.5% polyethylene glycol 6000 and incubated at 4ЊC for 1 h. Pseudovirion particles were collected by centrifugation at 12,000 ϫ g for 30 min, and the pellet was prepared for immunoblotting with the p17 monoclonal antibody by being dissolved in lysis buffer. Bovine brain N-myristoyltransferase assay. The effect of 40 M DIBA on brain N-myristoyltransferase (EC 2.3.1.97) (500-fold purified) was tested as previously described (19, 20) .
RESULTS

DIBAs prevent the release of infectious HIV-1 virions from infected cells.
We previously demonstrated that the reaction of the p7NC zinc fingers with DIBA-type compounds results in covalent modification of the metal-chelating cysteine residues of the CCHC motif and the concomitant ejection of zinc (44, 47) . We hypothesized that because of the central role of the zinc fingers in virus maturation and infectivity, the disruption of zinc finger organization by DIBA compounds in virus-producing cells would result in the inhibition of virus release. To address this possibility, we utilized U1 cells that carry two TNF-␣-inducible copies of the integrated HIV-1 provirus as a model for late events in the HIV-1 replication cycle (17) . As shown in Fig. 2A , both DIBAs inhibited HIV-1 expression in TNF-␣-stimulated U1 cells in a concentration-dependent manner. In three independent experiments, the concentrations of DIBA-1 and DIBA-3 required for the reduction of virionassociated p24 expression by 50% were 7.5 Ϯ 1.7 M (mean Ϯ standard deviation) and 17 Ϯ 1.4 M, respectively. No significant toxicity was observed, by XTT dye reduction, at up to 100 M concentrations of either compound; verification of viability by trypan blue dye exclusion also showed no significant decrease in viability at 100 M (data not shown).
Since zinc finger inhibitors react stoichiometrically with the fingers (46, 57), we wanted to evaluate the consequences of altering the U1 cell number, which would effectively alter the effector (DIBA)-to-target (zinc finger) ratio. In these studies, either 0.5 ϫ 10 5 , 1 ϫ 10 5 , or 4 ϫ 10 5 U1 cells were treated with DIBA-1, and the levels of virion-associated p24 and cell-associated p24 and the infectious titer of the released virions were determined (Fig. 2B) . The reduction in virion-associated p24 caused by the DIBAs was reversible as the number of cells initially seeded was increased. Nevertheless, the infectivity of the released virions continued to be compromised at the higher cell numbers. Thus, DIBAs exerted an antiviral effect even when there was no apparent decrease in the release of virionassociated p24. Similar results were obtained with DIBA-3 (data not shown).
DIBAs cause Gag cross-linkage and accumulation of unprocessed Pr55
gag in infected cells and in the virions released from those cells. Decreases in viral infectivity in the absence of changes in the extracellular levels of virion-associated p24 led us to examine the effects of DIBAs on Gag polyprotein expression within cells and released virions. TNF-␣-induced U1 cells were treated with DIBA-1, and cell-associated viral proteins in whole-cell lysates (10 6 cell equivalents) were analyzed by SDS-PAGE and Western blotting with antiserum to p7NC. Although no major differences were observed when samples were analyzed under reducing conditions (Fig. 3A) , a number of DIBA-induced alterations in the protein profiles were observed under nonreducing conditions (Fig. 3B) . First, there was an accumulation of unprocessed Pr55 gag and a concomitant loss of processed p7NC. In addition, DIBAs caused the formation of high-molecular-weight cross-linked Gag species. The cross-linkage was due to disulfide bond formation, as indicated by the absence of cross-linkage when the lysates were analyzed under reducing conditions (Fig. 3A) . The implication that the disulfide cross-linkage between Gag molecules occurs only between the zinc finger cysteine residues, and not among other residues in the polyprotein, is made by our findings that treatment of purified HIV-1 virions with DIBAs results in intermolecular disulfide cross-linkage between the zinc finger cysteine residues of fully processed p7NC proteins and that the only cysteine residues of p7NC are in the finger domains (44, 47, 53) . Utilizing an alternate technique for cell lysis, in which the nuclei and cellular debris were removed by centrifugation, we observed that the cross-linked material and a portion of the Gag precursors were removed by the centrifugation step, suggesting that the material may have been associated with the Triton X-100-insoluble cellular architecture removed during centrifugation (53) . Together, these findings indicated that DIBAs result in intracellular cross-linkage of Gag precursors and interrupt normal processing of the precursor.
Inspection of proteins in the virions released from DIBAtreated U1 cells also revealed alterations in the Gag precursor polyproteins (Fig. 4) . DIBA treatment resulted in the formation of high-molecular-weight Gag-containing species and an almost complete loss of identifiable p7NC and p24 from the nonreduced virion preparations (Fig. 4A) . Reduction of the virion lysates with ␤-ME resulted in the recovery of multiple bands between 40 and 60 kDa (Fig. 4B) . Reduction also resulted in only a partial recovery of p7NC, suggesting that the large amount of protein between 40 and 60 kDa in reduced samples represented unprocessed and partially processed Pr55 gag in U1 cells. Fifty thousand U1 cells per milliliter in six-well plates with 4 ml per well were stimulated with 5 ng of recombinant TNF-␣ per ml for 24 h. At 24 h various doses of DIBA-1 were added in 4 ml of TNF-␣-containing culture medium (total culture volume, 8 ml), and the incubation was continued for 48 h. Cells were recovered by centrifugation and counted, and viability was determined by both XTT reduction and trypan blue dye exclusion. Whole-cell lysates (10 6 cells) were prepared as described in Materials and Methods. Viability of treated cells was found to approximate that of untreated U1 cells. Total cell proteins were resolved under either reducing (A) or nonreducing (5% ␤-ME) (B) conditions by SDS-PAGE (4 to 20% polyacrylamide) and electroblotted onto PVDF membranes. Reduced molecular weight standards and 10 ng each of recombinant p7NC and Pr55 gag were included as controls. Virus-specific proteins were detected by chemiluminescence with p7NC antiserum. Equivalent results were observed with DIBA-3 (data not shown).
FIG. 2.
DIBAs inhibit the release of HIV-1 from and inactivate HIV-1 released from latently infected TNF-␣-induced U1 cells. (A) Fifty thousand U1 cells in 1.0 ml were induced with 5 ng of recombinant TNF-␣ per ml. Twenty-four hours later, DIBA-1 or DIBA-3 was added at various concentrations in 1 ml of TNF-␣-containing medium. Cultures were incubated for 48 h, and cell-free supernatants were assayed for p24 by the ELISA method. Greater than 95% of the supernatant p24 was found to be virion associated as determined by centrifugation (1 h at 18,000 ϫ g and 4ЊC). Cellular viability was determined by XTT dye reduction. Data are expressed as the percent viability or percent p24 expression with respect to that of the untreated TNF-␣-induced control. E, XTT; s, virion-associated p24. (B) Either 0.5 ϫ 10 5 , 1 ϫ 10 5 , or 4 ϫ 10 5 U1 cells were placed in wells with 1 ml of tissue culture medium supplemented with 5 ng of recombinant TNF-␣ per ml for 24 h. After 24 h, DIBA-1 was added in 1 ml of TNF-␣-containing medium, and incubation was continued for another 48 h. At 48 h supernatants and cells were harvested for virion-associated p24 and cellassociated p24, respectively. Viability was determined by XTT dye reduction. Infectious units were determined by serial dilution of fresh supernatants on 10 4 174xCEM cells. Infectious units were calculated as the lowest dilution that gave p24 absorbance values of twofold the background absorbance of cells alone 7 days after initiation of culture. Similar results were obtained with DIBA-3. ϫ, XTT; F, virion-associated p24; s, cell-associated p24; å, infectious units per milliliter.
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ons from DIBA-treated U1 cells (data not shown). Thus, the high efficiency of DIBAs in reducing the infectivity of HIV-1 is at least in part due to the production of virions that have internal cross-linkage and altered processing of Gag precursors.
Prevention of Pr55 gag processing by DIBAs is not due to inhibition of HIV-1 protease activity or inhibition of myristoylation of the precursor. Since accumulation of unprocessed
Pr55
gag in cells and released virions suggested that one possible mechanism of DIBA action was inhibition of HIV-1 protease activity, we determined the ability of DIBAs to inhibit the in vitro processing of Pr55 gag by purified HIV-1 protease. Preincubation of DIBA-1 with HIV-1 protease resulted in a slight inhibition of Pr55 gag processing at the high test concentration of 100 M, while DIBA-3 did not alter processing (Fig. 5A) . In contrast, KNI-272, a protease inhibitor, reduced processing of Pr55 gag at concentrations as low as 0.001 M (Fig. 5B) . Thus, the observed effects on Gag processing by DIBA-1 and DIBA-3 were not due to a direct inhibitory action on HIV-1 protease.
Accumulation of Pr55 gag in DIBA-treated cells could also have resulted from a decrease in the association of Gag precursor molecules with the cytoplasmic face of the cellular membrane. Since myristoylation of the Pr55 gag polyprotein
FIG. 4. Cross-linkage and accumulation of Pr55
gag in virions released from DIBA-treated U1 cells. Fifty thousand U1 cells per milliliter in six-well plates with 4 ml per well were stimulated with 5 ng of recombinant TNF-␣ per ml for 24 h. At 24 h various doses of DIBA-1 and DIBA-3 were added in 4 ml of TNF-␣-containing culture medium (total culture volume, 8 ml), and the incubation was continued for 48 h. At 48 h supernatants were clarified by centrifugation at 250 ϫ g for 10 min, and then virions were isolated by centrifugation for 1 h at 18,000 ϫ g and 4ЊC. ELISA analysis of p24 in postcentrifugation supernatants showed that greater than 95% of the total p24 was recoverable in the virion pellet. Viral pellets were lysed as described in Materials and Methods, and protein was quantitated by the Bradford method (5a). Fifty-microgram aliquots of total protein were then resolved under either nonreducing (A) or reducing (5% ␤-ME) (B) conditions by SDS-PAGE (4 to 20% polyacrylamide) and electroblotted onto PVDF membranes. Reduced molecular weight standards (M) and 10 ng each of recombinant p7NC and Pr55 gag were included as controls. Virus-specific proteins were detected by chemiluminescence with a mixture of p7 and p24 antisera and a horseradish peroxidase-conjugated detecting antibody. (Fig. 6A ) but did not alter the level of myristoylation or synthesis of the precursor polyprotein ( Fig. 6B and C, respectively ). An inactive congener (DIBA-5) (47) served as a negative control in these studies. We also observed that as much as 40 M DIBA-1 or DIBA-5 had no inhibitory effect on bovine brain N-myristoyltransferase in vitro assays (data not shown). These data indicated that the accumulation of Gag precursors caused by zinc finger inhibitors was not due to hypomyristoylation of those precursors.
Prevention of Pr55 gag processing by DIBAs results from modification of the precursor. The lack of any direct effect on HIV-1 protease activity or Gag myristoylation suggested that disruption of the zinc fingers and cross-linkage of the Gag polyprotein precursors may prevent efficient processing of the precursor by the HIV-1 protease enzyme (11, 55 gag monomers from disrupted pseudovirions were incubated for 1 h at 37ЊC with DIBAs and resolved by nonreducing or reducing SDS-PAGE (Fig. 7) . Pr55 gag from intact pseudovirions was effectively cross-linked in intact pseudovirions by DIBA-1 in a dose-dependent manner as evidenced by the disappearance of the Pr55 gag and the appearance of high-molecular-weight species that failed to enter the gel (Fig. 7A) . Cross-linkage was reversible by ␤-ME treatment, demonstrating the disulfide nature of the cross-linkages (Fig.  7B) . In contrast, solubilized Pr55 gag monomers were not crosslinked by DIBA-1 (Fig. 7C) . Similar data were obtained with DIBA-3, while 3Ј-azido-3Ј-deoxythymidine did not promote cross-linkage (data not shown) (53) . These data clearly illustrate that exposure of highly approximated Gag precursors to DIBAs results in extensive intermolecular cross-linkage.
Because the cross-linkage observed with the pseudovirions was analogous to that seen in proteins derived from infected cells and released virions, we utilized this system to next determine the effect of cross-linking on the ability of HIV-1 protease to process Pr55 gag .
Pr55
gag monomers were treated with DIBA-1 or DIBA-3 to determine if disruption of the zinc finger array without cross-linkage of adjacent molecules was sufficient to disrupt HIV-1 protease processing. As shown in Fig. 8A , the solubilized Pr55 gag that had been treated with DIBAs was processed normally by HIV-1 protease. However, the findings were quite different when intact Pr55 gag -laden pseudovirions were utilized in these studies. In pseudovirions that were DIBA-1 treated and cross-linked prior to addition of HIV-1 protease, processing of Pr55 gag failed to occur (Fig. 8B,  lanes 5 and 6) . In contrast, pseudovirions that had not been treated with DIBA-1 were processed normally by HIV-1 protease, yielding mature p7NC in a pattern similar to that for HIV-1 protease processing of Pr55 gag monomers (Fig. 8B,  compare lanes 4 and 10) . Even though the protease cleavage reaction buffer contains detergent that should allow for adequate penetration of the protease into DIBA-treated pseudovirions, we sought to ensure efficient disruption of the DIBA-treated pseudovirions by two additional cycles of freezethawing prior to addition of protease. As shown in lanes 7 and 8 of Fig. 8B , further pseudovirion disruption prior to addition of protease did not promote cleavage of Pr55 gag . These data clearly illustrate that the DIBA-induced cross-linkage of closely approximated Gag molecules by disulfide bridging between the zinc finger cysteine thiolates in virus-producing cells and in Pr55 gag -laden pseudovirions leads to significant alterations in Gag polyprotein processing and decreased infectivity of progeny virions.
DISCUSSION
In this study we examined the biochemical mechanisms by which DIBA inhibitors of retroviral CCHC zinc fingers disrupt the late-stage production of infectious HIV-1. In U1 cells, DIBAs chemically modified the Gag-associated zinc fingers during the late phases of viral replication, causing intermolecular disulfide cross-linkage between the zinc fingers of adjacent Gag precursor molecules. The Gag cross-linkage resulted in the formation of noninfectious virus particles because of failure of the precursors to undergo normal proteolytic processing by the HIV-1 protease enzyme or resulted in the complete VOL. 70, 1996 ZINC FINGER INHIBITORS PREVENT HIV-1 Gag PROCESSINGinhibition of virion particle release at higher DIBA concentrations. Consistent with these findings, DIBAs promoted crosslinkage among the zinc fingers of Gag precursors in Gag-laden pseudovirions, and HIV-1 protease was no longer able to process the cross-linked Gag in a normal fashion. Conversely, DIBAs did not promote intermolecular cross-linkage of Pr55 gag polyprotein monomers in solution, and these precursors were efficiently processed by HIV-1 protease. Together, our findings indicate that the chemical attack of DIBAs on closely approximated retroviral zinc finger proteins yields disulfide cross-linkage among the zinc finger cysteine residues of adjacent molecules, thereby preventing HIV-1 protease from processing the Gag precursors in newly forming virus particles. The major consequence of this defective processing is the greatly reduced infectivity of new progeny virions and disruption of the HIV-1 replication cycle.
Our previous findings with the zinc finger inhibitor NOBA (45, 46) demonstrated that the zinc-coordinating cysteine thiolates of the retroviral zinc finger motifs are amenable to covalent modification and the resultant ejection of zinc. Those studies with NOBA suggested that such a chemical modification on CCHC zinc finger motifs proceeds in a stepwise process, wherein initially reagents form adducts with the cysteine thiolates and then intra-and interarray disulfide bond formation occurs among the cysteine residues of the two fingers of p7NC (57) (also see Fig. 3 in reference 44 ). However, if other retroviral zinc finger motifs exist in close spatial proximity, then intermolecular cross-linking can occur (44, 47) . When zinc finger-containing proteins were housed in highly ordered structures, such as virions or Pr55 gag -laden pseudovirions, DIBAs cross-linked the proteins through disulfide bonds between cysteine residues of zinc fingers in adjacent molecules. Thus, for gross alterations in the Gag precursors to occur, the DIBAs must encounter closely approximated zinc fingers and modify the cysteine thiolates, producing intermolecular crosslinkages. The presence of this cross-linkage is then directly associated with a precipitous loss of infectivity of the newly forming virus particles. We also observed that DIBAs entered intact HIV-1 virions and cross-linked the mature p7NC, whereas monomeric p7NC in solution was not cross-linked by DIBAs (47, 53) .
More subtle changes in the zinc finger motif, which would be undetectable by the methods employed here, may also contribute to the loss of virus survivability. DIBA-induced actions on the zinc fingers that result in only localized alterations in Gag (i.e., only in the region of the fingers) or only minimal crosslinkage might also diminish the production of infectious virions. Indeed, the conformation of the retroviral zinc finger has been reported to be crucial for packaging of RNA into virions, as well as for the stability of the virions and virus infectivity (12, 14) . In addition, the mature p7NC plays a critical role in the stabilization of the HIV-1 genomic RNA dimer and in its protection from endonuclease attack (33) , and site-directed mutagenesis of the four basic amino acids in the 7-amino-acid linker region between the two zinc fingers of the p7NC portion of Gag reversed the association of Gag polyproteins with membrane fractions from transfected cells (16, 42) . Thus, maintenance of the structural integrity of the zinc fingers is essential for successful completion of the HIV-1 replication cycle, and antiviral agents such as those described here can have dramatic effects on virus survival without inducing gross structural alterations in the retroviral zinc fingers or the Gag polyprotein precursors. Significant levels of processed p7NC were identified within the TNF-␣-induced U1 cells. Similar results have been found for acutely infected cells, even though p7NC is more often considered to be associated with mature HIV-1 virions as the result of HIV-1 protease action during virion maturation (29) . DIBAs caused accumulation of the Pr55 gag precursor polyprotein and loss of processed p7NC within treated U1 cells and in the virions released from those cells. Accumulation of the precursors suggested a mechanism involving inhibition of HIV-1 protease, yet in tests to determine if DIBAs could inhibit recombinant HIV-1 protease, we observed no significant direct inhibition of protease activity (Fig. 5A ). These findings indicated that the interaction of DIBA-type drugs with HIV-1-infected cells altered processing of Gag precursors without directly inhibiting protease activity. Likewise, association of Pr55 gag with the cell membrane and incorporation into virions requires myristoylation of the precursor; however, neither myristoylation of Pr55 gag nor the activity of the myristoyltransferase was altered by DIBA treatment (Fig. 6 and data not shown). Consistent with these findings, another DIBA congener (DIBA-2) was found to prevent normal protease processing of the Pr65 Gag precursor in cells chronically infected with murine leukemia virus (43) .
The body of evidence presented here indicates that the abnormal Gag processing was caused by alterations in tertiary structures of the precursors due to adduct formation and/or intermolecular cross-linking ( Fig. 3 and 4) . This contention is further strengthened by the inability of HIV-1 protease to process recombinant Pr55 gag that had undergone cross-linkage after treatment of pseudovirions with DIBAs, even though soluble Pr55 gag monomers are an efficient substrate for the HIV-1 protease (Fig. 8) . Modifications in Gag precursors might also block or significantly reduce the expression of other membrane localization or packaging signals within the precursors, as well as prevent the formation of mature protease. Other investigators have shown that dimerization of Pr160 gag-pol during condensation of the budding virion is required for the release of the protease dimer through autocatalysis, with the retroviral zinc fingers playing a crucial role in this dimerization (32, 41, 58) . Attack on the zinc fingers by the DIBAs may prevent proper dimerization of the precursors, thereby reducing the amount of or preventing the formation of active HIV-1 protease. Ironically, within the cell the close approximations required for condensation of Pr55 gag and Pr160 gag-pol to form the newly budding virus may allow retroviral zinc finger inhibitors to disrupt protease-driven viral maturation. Finally, modifications of the Gag zinc fingers would likely result in abnormal packaging of viral genomic RNA (1, 23) . Hence, the crosslinkage of Gag zinc fingers not only might result in abnormal processing due to modification of the HIV-1 protease cleavage pattern but might also result in other aberrant features of viral packaging and maturation. These aspects are presently under investigation.
It is noteworthy that the consequences of zinc finger inhibitors mimic those of reverse transcriptase inhibitors and protease inhibitors in many ways (2, 30, 31, 37, 50) . Studies with both NOBA (45) and DIBAs (47, 53) found that the action of zinc finger inhibitors on cell-free virions blocked the ability of those virions to synthesize proviral DNA after target cell binding, even though the zinc finger inhibitors did not directly inhibit the reverse transcriptase enzyme activity or prevent virus from binding to cells. Similarly, the findings obtained in the current study indicate that zinc finger inhibitors can also prevent Gag precursor processing and maturation in the manner of protease inhibitors, without any evidence for a significant inhibition of the protease enzyme. These paradoxes not only illustrate the utility and multiple consequences of zinc finger inhibitors but also indicate that one must be cautious in defining the mechanisms of action of new antiviral compounds. Toward this end, the findings in the current study clearly define one of the cellular biochemical mechanisms by which zinc finger inhibitors affect virion production and maturation. -laden pseudovirions solubilized with Nonidet P-40, as described in Materials and Methods, to create Pr55 gag monomers were incubated with either DIBA-1 or DIBA-3 for 1 h at 37ЊC. HIV-1 protease was then added, and the incubation was continued for another hour at 37ЊC. The resulting cleavage products were resolved by reducing SDS-PAGE (4 to 20% polyacrylamide) and electroblotted onto PVDF membranes. Protease cleavage products were detected by Western blotting with a p24 antiserum. Equivalent results were obtained with p7NC antiserum. (B) Pr55 gag in intact pseudovirions was incubated with DIBA-1 for 1 h at 37ЊC. All Pr55 gag pseudovirion or monomer preparations were resolved under reducing conditions by SDS-PAGE (4 to 20% polyacrylamide), and proteins were detected by Western blotting with a mixture of p7NC and p24 antisera. Treated pseudovirions were resolved either without prior protease treatment (lanes 1 to 3), after treatment with recombinant HIV-1 protease for 1 h at 37ЊC (lanes 4 to 6), or after disruption by two cycles of freezing (Ϫ80ЊC) and thawing (37ЊC) followed by treatment with protease (lanes 7 and 8). VOL. 70, 1996 ZINC FINGER INHIBITORS PREVENT HIV-1 Gag PROCESSING 6187
